In this paper, a high-performance 4H-SiC separated absorption charge multiplication ultraviolet avalanche photodiode (APD) with low breakdown voltage is designed and fabricated. The room temperature dark current of the APD remains at ∼0.1 pA level (∼29 pA/ cm −2 ) when reverse bias is below 50 V and then rises by several orders of magnitude before avalanche breakdown occurs. An avalanche gain up to 10 6 is achieved at 67 V. Based on secondary ion mass spectroscopy measurement, the electric field distribution within the as-fabricated APD is numerically simulated. The ionization ratio of Al in the p-type charge control layer is estimated to be 40%. The frequency dispersion phenomenon in capacitance-voltage (C-V) measurement should be caused by structural defects existing within the APDs, which may also be the source of the enhanced dark current before avalanche breakdown. The room-temperature maximum quantum efficiency is ∼80% at 270 nm with an ultraviolet (UV)/visible rejection ratio more than 10 4 .
Introduction
Many cutting-edge applications require the detection of extreme weak ultraviolet (UV) signals, such as laser-induced fluorescence biological-agent detection, missile flume detection, solar physics, and corona detection. Photomultiplier tubes have been widely used for the above applications because of their high responsivity, high speed, and low dark counts. Nevertheless, high cost, frangibility and high operation voltage have seriously restricted their overall performance. Recently, great interest has been focused on solid-state avalanche photodiode (APD) based on 4H-SiC, which has wide bandgap (∼3.26 eV), high thermal conductivity, excellent physical stability, and relatively mature material growth technique [1] , [2] .
So far, a major task in SiC APD development is to reduce operation voltage, which is critical for lowering power dissipation and complexity in readout circuit design. For example, one design objective of 4H-SiC APDs is to control the breakdown voltage to be within 100 V. In traditional p-i-n type APDs, low operation voltage can be realized by reducing the multiplication layer thickness. However, SiC is an indirect bandgap semiconductor with relatively low optical absorption coefficient. Reducing multiplication layer thickness means insufficient absorption of UV light and corresponding low quantum efficiency. To resolve the above contradiction, separated-absorptioncharge-multiplication (SACM) structure can be adopted, which relies on thick absorption layer for efficient light absorption while only maintains high electrical field within the thin multiplication layer. Although SiC SACM APD has been previously reported by General Electric, the trade-off problem between responsivity and breakdown voltage was not well resolved as their device shows a fairly high breakdown voltage up to 600 V [3] .
In this work, 4H-SiC SACM APD with low breakdown voltage is designed and fabricated. The APD exhibits low dark current in medium bias range, high quantum efficiency and high UV/visible rejection ratio. The electric field distribution within the fabricated APD is simulated and compared with the experimental results, which indicates that the dopant ionization ratio of the charge control layer is a major factor determining the electrical field profile.
Experimental Details
As shown in Fig. 1 , and a 2.0 μm n+ buffer layer. The epi-structure is designed based on the following consideration: since an operation voltage of less than 100 V is targeted for the SiC APD, considering that the critical electrical field of 4H-SiC is ∼3 MV/cm and that most voltage would drop on the multiplication layer as well as on the charge layer, the multiplication layer thickness is chosen as 0.1 μm, which is a safe value. If the multiplication layer is too thin, there would be substantial tunneling current. Meanwhile, the absorption coefficient of 4H-SiC at 270 nm is ∼ low − 10 4 cm −1 [4] . To ensure efficient absorption of deep UV light at the peak responsivity wavelength (∼270 nm), the absorption layer thickness should be close to 1 μm, which is chosen as 0.9 μm in the present design. In addition, both the multiplication layer and the absorption layer are lightly doped to ensure that the field distribution within the APD is mainly controlled by the charge layer, which is a common practice of SACM design. Finally, the thickness and doping level of the charge layer are determined by simulation, which are to be discussed later. Here, a non-reach-through design is targeted, which helps to lower field-induced leakage current [3] . The fabrication procedure begins with mesa etching, which is conducted in an inductively coupled plasma etching system with CF 4 /O 2 as the etching gas. Using a photoresist reflow technique, the SiC mesa inherits the shape of the photoresist. A positive beveled mesa with a low slope angle of ∼4.11°i s achieved, which is effective to suppress edge breakdown. The device surface is then passivated by thermal oxidation at 1050°C in oxygen atmosphere followed by 200 nm SiO 2 layer deposited by plasma-enhanced chemical vapor deposition at 350°C. After opening the contact windows by wet etching, n and p metal contacts both using Ni/Ti/Al/Au (35 nm/50 nm/200 nm/100 nm) metal stack are deposited by e-beam evaporation, which are finally annealed by rapid thermal annealing at 850°C for 3 min in N 2 ambient. The electric field distribution within the 4H-SiC SACM APD is simulated by using Silvaco TM TCAD. A top-view image of one fabricated SiC APD with a typical mesa diameter of ∼150 μm is shown in Fig. 1(b) .
Results and Discussion
The room-temperature (RT) current-voltage (I-V) and the gain-voltage characteristics of the APD (∼150 μm) are shown in Fig. 2(a) . The dark current remains at ∼0.1 pA level for reverse bias below 50 V, corresponding to a low dark current density of ∼29 pA/cm -2 , and then rises by several orders of magnitude at higher bias until avalanche breakdown occurs. This enhanced dark current is likely caused by crystallographic defects within the SiC epilayer, such as threading dislocations and basal plane dislocations [5] . The breakdown voltage is around -65 V, which is marked by a sharp increase of both dark and photo currents. If the unity gain is defined at -25 V, the avalanche gain of the SiC APD could reach ∼10 6 at -67 V. Based on a linear fit of the forward I-V curve plotted in linear scale, as shown in the inset of Fig. 2(a) , the APD demonstrates nice turn-on behaviors with an estimated ohm series resistance of 31.7 , corresponding to a specific on-resistance of 3.5 m •cm 2 . The dark current characteristics of the APD is also measured as a function of temperature ranging from RT to 175°C, as shown in Fig. 2(b) . As temperature increases, the dark current hardly rises, indicating good thermo stability and quality of surface passivation. The breakdown voltage increases almost linearly at higher temperatures, resulting in a positive temperature coefficient of ∼10 mV/°C (see the inset of Fig. 2(b) ). In addition, the RT dark currents of the APDs with five different diameters (100 μm/ 150 μm/ 200 μm/ 300 μm/ 500 μm) are also measured (not shown). It is found that the dark current shows a well quadratic dependence on device diameter, indicating that bulk leakage is the primary source of the dark current.
To understand the working mechanism of the SiC SACM APD, the electrical field distribution within the device is simulated based on the doping concentration determined by secondary ion mass spectrometry (SIMS). Fig. 3(a) shows the simulated electrical field profiles of the APD biased at the breakdown voltage as a function of the Al ionization ratio α in the charge control layer. It is found that α is a dominant factor determining the electrical field distribution. If all Al dopants in the charge control layer (N A = 2 × 10 18 /cm −3 ) are ionized, that is, α is 100%, the maximum electric field in the APD multiplication layer would reach ∼4.1 MV/cm, far more than the commonly accepted 3.0 MV/cm critical electrical field of 4H-SiC [6] . Instead, a α value of 40% could reasonably reproduce the measured I-V characteristics. The α value derived is within the range of 23%-60% as previously reported, which can be explained by the large ionization energy of Al dopants in SiC (0.2-0.3eV) [7] - [9] . The ionization ratio of Al also strongly depends on Al concentration N Al , being relatively low for N Al in the range of 10 16 − 10 19 cm −3 , while for N Al < 10 16 cm −3 almost all Al dopants are ionized [9] . In the case of α = 40%, the maximum electrical field within the multiplication layer is 3.0 MV/cm, while the electric field within the absorption layer is deduced to be only ∼0.01 MV/cm, which has almost no contribution to the high-field-induced dark current. Comparatively, if α is 20%, the electric field in the multiplication layer would drop and expand into the absorption layer, indicating that the electrical field distribution within the APD can be effectively tuned by the charge control layer.
Besides, 2-D internal field distribution of the APD biased at breakdown voltage is also simulated with α = 40%. As shown in Fig. 3(b) , the cross-sectional area of interest from the top mesa edge to the bottom buffer layer is enlarged to show the electrical field profile in detail. It is found that the electric field strength drops obviously within a distance of 3 μm from the edge of the mesa sidewall, confirming that the electric field crowding effect is well suppressed by the positive beveled mesa.
Capacitance-voltage (C-V) curves of the APD at various frequencies (1 kHz/10 kHz/100 kHz/ 1 MHz) are shown in Fig. 4 , in which the capacitance value shows obvious frequency dispersion and is lower at higher measurement frequency. The frequency dispersion behavior can be explained by the existence of high density trap states within the SiC epi-structure, which may also the cause of the enhanced dark current in high bias range (see Fig. 2(a) ). In C-V measurement, the capacitance C is calculated by dividing the total charge variation ( Q) by the applied voltage variation ( V), where Q should include charges removed from both undepleted region as well as from trapping states. As is known, carrier releasing process from defect states is much slower than carrier trapping process, especially for deep level traps. Hence, these defects can only trap and release carriers in response to low-frequency perturbation. At higher frequency, the carrier trapping/releasing rate from defect states can not follow the change rate of V and, thus, would not contribute additional Q and the resulting capacitance [10] . Moreover, according to the capacitance measured at 1 MHz, a depletion width ranging from 0.155 to 0.234 μm is deduced for the SiC APD biased at between 0 V and -40 V, which basically agrees with the simulation result (0.175 − 0.279 μm). The small difference between the simulated value, and the measured value is likely due to the parasitic capacitance included in the C-V measurement.
The photo-response characteristics of the SiC SACM APD are measured at RT as a function of reverse bias. As shown in Fig. 5 , the peak responsivity is 0.174 A/W at 270 nm under -40 V bias, corresponding to a maximum external quantum efficiency (EQE) of ∼80%. The photo-response curves show a cutoff wavelength of ∼380 nm, which agrees with the 3.26 eV indirect bandgap of 4H-SiC. A high UV/visible (270 nm/400 nm) rejection ratio of more than 10 4 is obtained. The high EQE obtained should be caused by the efficient absorption of UV light by the thick absorption layer as well as the high photo-carrier collection efficiency. Although the electrical field in the absorption layer is low, the diffusion length of minority carriers in lightly doped 4H-SiC is about a few microns [11] , [12] , which is much larger than the absorption layer thickness (0.9 μm). As a result, many photo-carriers can diffuse into the charge control region and then drift into the multiplication layer. The combination of both diffusion and drift currents could lead to a high photo-carrier collection efficiency. Here it should be noted that although similar high peak responsivity has been obtained in a past work [13] , the reported SiC APD is based on a simple p-i-n structure and has a high breakdown voltage up to 260 V. The substantial reduction of operation voltage in this work benefits from the SACM design.
Conclusions
In this work, in order to simultaneously reduce operation voltage and obtain high EQE, 4H-SiC SACM APD is designed and fabricated. The SiC APD exhibits a low breakdown voltage and an avalanche gain up to 10 6 . Meanwhile, a high EQE of ∼80% at 270 nm is achieved. The electrical field profile within the APD is simulated, and the influence of the ionization ratio of Al in the p-type charge control layer is discussed. The frequency dispersion effect observed in C-V measurement suggests the existence of defect states within the APD epi-layer, which may be the cause of the enhanced dark current in high reverse bias region. The defect-related carrier trapping/de-trapping effect would also have negative impact on response speed and noise performance of the APD. Thus, further optimization of epitaxial process to reduce structural defects is important for future SiC APD development.
